The structural role of Zn and its effect on solubility in phosphate based bioglasses is investigated.
Introduction
The development of bioresorbable and biocompatible glasses as materials for bone augmentation is of considerable interest due to their ability to form a variety of calcium phosphate based phases, most notably apatite, which chemically resemble the inorganic component of natural bone. In this way, phosphate based glasses have a compositional advantage over existing silicate based systems. However, the fast biodegradation of most phosphate glasses can negate this compositional advantage, with silica based systems often more effective in hydroxyapatite formation. The solubility of phosphate based glasses can be controlled through tailoring of composition, [1] [2] [3] [4] allowing for a wide range of potential applications. Additionally, they generally have lower melting points and hence reduced production costs.
Phosphate based biomaterials have been extensively studied and are generally reported to be non-toxic and biocompatible. 5, 6 A number of phosphate based glasses have been studied as potential biomaterials, most notably in the Na 2 O:CaO:P 2 O 5 system. 7, 8 However, these glasses are often very soluble in aqueous media. Various attempts have been made to control the solubility, bioactivity and biocompatibility of these glasses with the incorporation of cations such as Fe 3+ , 9 Ti 4+ , 1, 10 Al 3+ 11 and Zn 2+ . 12 Much work has focussed on metaphosphate glasses, i.e. those containing 50 mol% P 2 O 5 . In these systems, the glass forming network consists of corner sharing phosphate tetrahedra, with each tetrahedron linked to two other tetrahedra (denoted Q 2 ) forming long -P-O-P-chains or rings. The bridging P-O bonds are easily hydrolysed in aqueous media and can result in significant lowering of pH, even in the presence of a buffer. 13 Low pH not only inhibits apatite formation, but can also cause demineralisation, an issue that has been widely overlooked. By reducing the phosphate content and increasing the cation content, the degree of polymerisation of the network decreases. However, the network is strengthened as a result of the increase in nonbridging oxygen atoms, through increased cross-linking, particularly involving divalent cations. 14 This results in reduced susceptibility to hydrolysis and hence reduced solubility.
Polyphosphates contain more than one type of phosphate species and readily form in systems containing less than 50 mol% P 2 O 5 . They generally have a higher affinity to crystallise than metaphosphates. Addition of zinc oxide suppresses crystallisation and extends the glass forming region of polyphosphate glasses. 15 In biomaterials, zinc enhances osteoblast activity and has the potential to be used for the treatment of diseases caused by zinc deficiency, such as rheumatoid arthritis and Crohn's disease.
Additionally, zinc is believed to impart antibacterial properties. 16 In the present study, the structure-solubility-composition relationship in a range of zinc containing metaphosphate and polyphosphate glasses is examined, with a view to their potential use as bioresorbable glasses and in composite biomaterials. were ground for 15 min as a slurry in methylated spirits, using an agate mortar and pestle and subsequently dried in air. The dry powder was transferred to a platinum crucible, which was then heated in an electric muffle furnace for 1 h at 300°C to decompose the phosphate, 1 h at 600°C to decompose the carbonate and a further 1 h at a temperature in the range 1100°C to 1350°C to achieve the melt, with higher temperatures required for low phosphate content compositions. The molten glass was quenched rapidly in air in a stainless steel mould to cast discs of 12 mm diameter and 2-3 mm thickness, for solubility studies, or onto a stainless steel plate for bulk glass samples. For glass compositions x = 15 and x = 20, molten glass was quenched between two stainless steel plates to avoid any surface crystallisation. Glass rods for neutron diffraction experiments were prepared from the molten glass, which was poured into a preheated graphite mould. This was placed into an electric muffle furnace, at a temperature about 20°C above the glass transition temperature, T g (as measured by DSC), for 1 h. The sample and mould were then cooled slowly in air over a period of ca. 24 h. For thermal and structural characterisation studies, the bulk glass samples were ground in an agate mortar to a fine powder. Samples were stored over dry silica gel under vacuum. at a resonance frequency of 242.9 MHz. Orthophosphoric acid (85% solution) was used as a reference. Bloch decay spectra were acquired in a 4 mm o.d. zirconia rotor at a spinning speed of 12 kHz. A recycle delay of 60 s was used. A total of 16 scans were acquired for parent glass compositions and 32 scans for samples, post solubility tests.
Spectra were modelled using the programs DMFit 22 and NMRLSS. 23 Chemical shift anisotropy parameters were calculated and refined using the Herzfeld-Berger method, 24 with the program HBA. 25 The principal components (δ 11 , δ 22 , δ 33 ) of the chemical shift tensor were used to calculate the isotropic chemical shift (δ iso ) (Eq.1) and were ordered according to the Haeberlen convention 26 : |δ 33 
The chemical shift anisotropy (Δδ) and asymmetry (η) parameters are given by:
31 P− 31 P double quantum MAS-NMR spectra were collected at a spinning speed of 21 kHz in a 2.5 mm o.d. zirconia rotor, using the Post C7 pulse sequence. 27 To avoid spinning side bands in the ω 1 dimension, t 1 increments were rotor synchronized. A total of 64 t 1 increments were used; each slice was the sum of 16 transients using a recycle delay of 30 s. 67 Zn and 43 Ca NMR experiments were performed at 21.1 T on a 900 MHz Bruker
Solubility studies
Solubility of glass discs was measured in deionised water and tris(hydroxymethyl)aminomethane/HCl buffer (tris). 29 The starting pH of the tris buffer solutions was maintained between 7.26 and 7.40. Discs were placed in 25 mL of solution and every seven days discs were removed from solutions, washed with ethanol, dried in an incubator at 80°C for about 15 min, weighed and then immersed in fresh solution. Solutions collected at each time point were filtered through a 0.2 μm syringe filter, stabilised with 0.5 mL of 5% HNO 3 and analysed using a Vista Pro CCD simultaneous ICP-OES. A second set of experiments was carried out, where discs were immersed in 25 mL of solution and left at 37°C for 28 days. The discs were then removed, dried in an incubator at 37°C and ground into a fine powder in an agate mortar. In each case, the powder was then analysed using XRD and 31 P MAS-NMR.
Results and discussion

Structure
The XRD patterns for the synthesised glasses are shown in Fig. 1 and reveal that all glasses were amorphous, with no evidence of crystallisation. This contrasts to the situation in the ternary system NaO:CaO:P 2 O 5 , where crystallisation readily occurred in compositions containing 33 mol% P 2 O 5 or less. 30 The present results confirm the ability of zinc oxide to aid glass formation in these systems.
The compositional variation of glass transition temperature (T g ), crystallisation temperature (T c ) and glass forming window (T c − T g ) are presented in Fig. 2 . T g increases linearly with increasing x-value, indicating a strengthening of the network with increasing cation:phosphate ratio. This is consistent with observations in sodium and magnesium containing binary phosphate systems, where T g was also seen to increase with decreasing P 2 O 5 content. 30, 31 However, it is different to the trend observed by Walter et al. 32 in binary zinc polyphosphate glasses, with a nominal ZnO content between 50 to 75 mol%, where a minimum in T g was observed at 60 mol%
ZnO. The variation of T c reflects the wide compositional range studied, from metaphosphates to invert phosphates, and likely reflects a variety of crystalline phases 7 being formed. T c shows a maximum around x = 5. The glass forming window shows a workable range in excess of 100°C for all studied compositions.
A steady increase in density is seen with increasing cation:phosphate ratio in the studied glasses ( Fig. 3 ). The observed density values are consistent with the known density ranges for phosphate glasses. 12 From the density measurements, the percentage free volume (%V free ) can be estimated as:
where V FU is the volume per formula unit and V ion is the calculated ionic volume, which are given by:
and 3 3 4
where M r is the formula unit mass in g mol -1 , ρ is the measured density in g cm -3 , N A is Avogadro's constant, n i is the number of ions of type i per formula unit and r i is the ionic radius in Å of ion type i according to Shannon. 33 The compositional variation of %V free derived from the density measurements is also shown in Fig. 3 . %V free decreases, slightly from x = 0 to x = 5, with a very significant decrease from x = 5 to x = 10. At higher values of x, a small increase in %V free is observed. This suggests that while the glass structure becomes slightly more compact from x = 0 to x = 5, there is a significant compacting of the structure between x = 5 and x = 10, with higher x-value compositions becoming slightly less compact from x = 10 to x = 20. This means that the increase in density seen in this latter range is entirely due to the increasing average atomic mass.
It is helpful here to compare the observed trends in density and percentage free volume with those in crystalline zinc phosphates. -3 , respectively. This is a similar trend to that observed in the present amorphous system and is primarily attributable to the increasing Zn/P ratio, with decreasing level of condensation. Average %V free decreases from ultra-to pyrophosphate, with an increase from pyro-to ortho-phosphate (39.8%, 38.9%, 37.0% and 43.1%, respectively). More significantly, comparison of the percentage free volumes of isocompositional phases with tetrahedrally and octahedrally coordinated zinc shows lower density and %V free are associated with the former. In condensed systems this means that the reduced cross-linking of tetrahedrally coordinated zinc, compared to octahedrally coordinated zinc, will result in greater structural openness where zinc adopts the lower coordination number. Fig. 4 shows the IR spectra for the studied glass compositions. The prominent band at about 1250 cm -1 , in the x = 0 composition, is attributed to asymmetric stretching of the P=O bond in Q 2 species. 34, 35 This band is seen to loose intensity with increasing xvalue and at x = 20 is absent. Another strong band at about 900 cm -1 , attributed to the P-O-P asymmetric stretch, shifts toward higher wave-number values, with increasing
x-value. The bands at around 780 cm -1 and 750 cm -1 are characteristic of the P-O-P symmetric stretch and P-O-M stretch, respectively. 36 The latter band is seen to become sharper and more prominent in the spectra of higher x-value compositions, consistent with the higher proportion of P-O-M linkages. A small band at 1020 cm -1 appears in the spectrum of the x = 20 composition, which corresponds to the stretching vibration of the Q 0 (PO 4 3-) unit. 37, 38 The weak band observed at 1080 cm -1 is related to the asymmetric stretching vibration of PO 3 2species. 39 The 31 P MAS-NMR spectra for the studied glass compositions, recorded at a spinning speed of 12 kHz, are shown in Fig. 5 . The spectral parameters derived from fitting these data are presented in Table 2 . Resonances with chemical shifts around -25 ppm and a chemical shift anisotropy, Δδ, of ca. -150 ppm were assigned to Q 2 phosphate species, [40] [41] [42] while those at around -8 ppm, with Δδ values around 130 ppm, were assigned to Q 1 species. 43 The third type of resonance at around 5 ppm was assigned to Q 0 species. The 31 P MAS-NMR results are consistent with depolymerisation of the glass with increasing cation:phosphate ratio. The observation of a small amount of Q 0 phosphate as well as Q 1 and Q 2 species in the spectrum for the x = 15 composition suggests a small degree of disproportionation, consistent with Van Wazer's reorganization theory, 44 or possibly a degree of surface hydrolysis. whereas off-diagonal (cross-correlated) pairs correspond to DQ coherences between chemically different groups. 49, 50 For the x = 0 glass composition, a single broad autocorrelated peak at ca. -25 ppm on the f 2 dimension is attributed to a Q 2,2 correlation, according to the convention used by Witter et al., 47 where the second exponent refers to the number of bridging oxygen atoms on neighbouring phosphorus atoms. This correlation is consistent with metaphosphate chains or rings. 51 In addition to this correlation, the spectrum of the x = 10 composition shows another diagonal peak at about -10 ppm, corresponding to Q 1,1 correlations. Off-diagonal peak pairs, observed in the spectra for x = 5 and 10 compositions, at ca. al. 53 in zinc polyphosphate glasses. 31 P chemical shift is sensitive to structural changes up to the fourth coordination sphere of phosphorus. 47, 51, 54 Quantitative measurement of the different species detected in the DQ experiments is not straightforward. However, this can be achieved by quantitative fitting of the 1D MAS-NMR spectra, with chemical shift and line width for each of the correlating species determined from the DQ MAS spectra. Table 3 presents the proportion of each of the correlated species calculated by fitting the 21 kHz 1D spectra. The total percentage Q n speciation values were within 5% of the corresponding values from direct fitting of the 12 kHz data ( (Fig. 7b) . The x = 20 glass composition has 72.5% Q 1,1 species corresponding to pyrophosphate units, 6.8% Q 0,0 species and about 10% of Q 1 species coupled to an equal quantity of Q 0 species. 50 In this case, the presence of correlations involving Q 0 can only be accounted for by through space coupling of species not directly bonded to each other. The projections from the 2D spectra only show correlated species and hence not all the Q 0 species are represented. 67 Zn NMR spectra are presented in Fig. 8 . Each spectrum was fitted using a distribution of chemical shifts and quadrupolar coupling constants using the Czjzek model as implemented in the DMFit software. 22, 55 This model uses a Gaussian distribution of δ iso and C Q values to properly represent the variability in local glass structure. The 67 Zn NMR spectra are very well fitted using a single average glass site for each sample (see Fig. 8 ). The values of C Q are essentially constant at 7.4 to 8.0 MHz, with a distribution on each value of 0.5
MHz. The chemical shifts cover only a small range, from 150 to 235 ppm (each with a distribution of 50 ppm). The values obtained from the fits (Table 4 ) are therefore consistent with zinc in a predominantly four-coordinate pseudo-tetrahedral geometry in all samples. 56-61 43 Ca static and MAS-NMR spectra for the x = 15 glass composition are presented in Fig. 9 . The line shape of the static spectrum is typical of a disordered structure. Although the line width decreases when the sample is spun at 5 kHz, the spectrum could not be resolved into more than one resonance, suggesting significant chemical shift distribution, as expected in a glass. The moderate signal-to-noise and lack of clear line shape features preclude a precise fitting of the 43 Ca MAS NMR spectrum; however, we can report a peak position of -1 ppm and an upper limit of 4.7 MHz for the value of C Q . These values fall within the ranges seen for crystalline calcium phosphates. 62, 63 The total correlation functions T(r), obtained from the neutron scattering data on the studied compositions are shown in Fig. 10 . T(r) for all compositions was fitted using resolution-broadened Gaussian peaks; 21 that for the x = 5 composition is typical and is shown in Fig. 11 , with the fits to the data for the other compositions available as supplementary data (Figs S1 to S4). Two short P-O correlations were resolved at about 1.5 Å (corresponding to P-NBO) and ca. 1.6 Å (corresponding to P-BO). P-O distances are plotted as a function of composition in Fig 12. The P-NBO bond length increases with increasing cation:phosphate ratio. The P-BO bond length is seen to decrease from x = 0 to x = 5, but then shows a small but steady increase above x = 5. Additionally, the P-BO peak becomes broader and decreases in intensity, indicative of the change in the level of condensation with increasing metal oxide content. 64 Table 5 summarises the derived pair correlations and coordination numbers for the studied compositions. The O-O coordination number for each glass composition was calculated according to the formula 24/(5 + y), 65 where y is the mole ratio between mole fraction of modifier and phosphate content. The T(r) peak at about 2.5 Å was fitted according to the calculated coordination number and subtracted from the rest of the T(r). The fit of the residual area between 1.75 Å to 2.75 Å gives the coordination numbers for Zn-O and Na/Ca--O. A prominent peak at ~1.9 Å is observed in the T(r) plots for all compositions, which increases in intensity with increasing zinc content. The Zn-O coordination numbers range from 3.9 to 4.3 and are consistent with predominantly four coordinate geometry for zinc, as observed in other studies of zinc phosphate glasses 32, 66, 67 and are in agreement with the 67 Zn NMR results. The slightly higher values for some compositions could be an indication of a small proportion of zinc in six coordinate geometry, as found through X─ray and neutron diffraction of zinc phosphate systems by Suzuya et al. 68 . Indeed, a second weak Zn-O correlation at 2.17 Å was discernible in the data for the x = 20 composition which is attributed to Zn in six coordinate geometry. An average coordination number of around seven is observed for the unresolved Na/Ca-O peak. The average Na/Ca-O correlation distance is seen to vary little with composition, despite the increasing Ca:Na ratio with increasing xvalue.
Solubility
Changes in pH values in tris buffer and deionised water are plotted as a function of immersion time in Fig. 13 . In tris buffer, all samples showed a minimum in pH after two weeks immersion. Only the x = 0 glass composition showed significant deviation away from pH = 7 to lower pH, with a minimum value of pH = 6.5. In deionised water, the x = 0 and x = 5 compositions showed a decrease in pH, which was show very limited solubility. While increasing solubility with increasing level of condensation appears to be counter intuitive, it is an established phenomenon in phosphate glasses. 1, 69 The solubility results seen here reflect the changes in percentage free volume and density seen in Fig. 3 , with the glass with the highest solubility having the highest %V free and lowest density. This suggests that the greater structural openness of the of x = 0 and x = 5 compositions (as reflected in the percentage free volume) allows for more rapid water ingress and hence greater solubility, despite exhibiting the greatest degree of P-O-P condensation. As discussed above, evidence from crystalline phosphates shows that percentage free volume is only weakly associated with the level of P-O-P condensation, being more significantly affected by the coordination adopted by zinc and hence the extent of cross-linking. Thus, the higher free volume and more openness of the low x-value glass compositions may well be associated with a greater proportion of tetrahedral zinc, compared to the high x-value compositions.
XRD patterns for the glass discs after immersion in tris buffer for 28 days are presented in Fig. 15 . (Fig. 14b ).
Ion release profiles in tris buffer and deionised water, for constituent ions, in all studied glass compositions, as a function of time are shown in Fig. 17 as 3D plots. It is evident from the figures that the amount of ions released upon dissolution of discs in both tris buffer and distilled water decreased with decreasing phosphate content and increasing cation content, reflecting the weight loss and pH measurements. In the most soluble glass composition, x = 0, for each ion studied, a large initial release of ions was observed at week 1, which decreased to a near steady state after week 1 up to week 3 and then increased again in week 4 in deionised water. For this glass composition in tris buffer, a steady decrease in ion release was observed for all ions except Zn 2+ , which remained fairly constant for three weeks, before decreasing in week 4. Glass compositions x = 5 and 10 showed nearly the same behaviour in both studied media, with an initial increase and then decrease in weight loss of all constituent ions. For the x = 0 and x = 5 compositions, it is evident that there is significant loss of phosphate as well as other ions in both media. For the x = 5 composition this feature, along with the change in Q n speciation in the glass after immersion in tris buffer (Fig. 16) , is a good indication of network cleavage (i.e. hydrolysis of P−O−P linkages) taking place in the dissolution process. For the two most condensed compositions there was very little ion release in deionised water and tris buffer. However, higher weight loss and ion release were observed for glass compositions x = 10, 15 and 20 in tris buffer than in deionised water, while the reverse was true for glass compositions x = 0 and 5.
The dissolution of phosphate glasses is considered to proceed through two basic processes, which involve the ingress of water or protons at the glass surface: 70 (i) Ion exchange (7) (ii) Network cleavage (8) There has been much discussion as to which of these processes dominates the dissolution process. Bunker et al. 70 found ion exchange to be the more dominant reaction. This results in phosphate species in solution with similar average chain lengths to the parent glass. However, later work found the network cleavage reaction also to be critical. 71 Network cleavage results in phosphate species in solution with a variety of chain lengths, generally smaller than in the parent glass. pH has also been found to be an important factor, with P−O−P linkages highly susceptible to proton attack. 70, 71 Using solution state NMR, Döhler et al. 69 have recently shown that the mechanism of dissolution adopted in phosphate glasses, depends on the level of condensation, with glasses containing chains (predominantly Q 2 ) dissolving mainly by ion exchange, and those containing Q 3 species dissolving by network cleavage.
The higher solubility of the lower x-value compositions may be explained by considering their structures, as determined by Bloch decay and DQ 31 P MAS-NMR spectroscopy. In the studied compositions, the cation:phosphate ratio increases with increasing x-value. This results in increased cross-linking and a strengthening of the network with increasing cation content. 14, 70 Phosphate glasses with increased amounts of divalent cations, such as Ca 2+ , show reduced solubility, which is believed to be mainly due to the increased cross-linking effect. 30 In the present system, the structure of the x = 0 composition consists of long -P-O-P-chains or rings, with a low degree of P−O...M cross-linkages, while that for the x = 5 composition contained long chains, short chains and a very small proportion of dimer units. Additionally, these compositions show the highest values of %V free allowing for more rapid water ingress.
As discussed above, the P-O-P linkage is very susceptible to attack by protons (H + ), with decreasing pH increasing dissolution. 71 these higher x-value compositions the results suggest that the decrease in solubility with increasing x-value is predominantly associated with the increase in cross-linking (i.e. P-O…M linkages) and the decrease in concentration of P-O-P linkages.
The ion release profiles show the amount of zinc released is higher than that for calcium in glasses with low or no Q 2 species (i.e. x = 10, 15 and 20), when immersed in deionised water. However, in tris buffer the concentration of calcium released is always higher than zinc for all glass compositions. This indicates that more zinc is released in acidic pH, which is in agreement with other studies carried out on zinc containing silicate glasses. 72 The higher degradation of compositions x = 10, 15 and 20 in tris buffer than in deionised water contrasts the behaviour of the x = 0 and 5 compositions and can be explained by Bunker's theory. 70 The degradation of phosphate glass occurs by the uptake of both H + and OHions from solution and for pH below 6.5 uptake of H + is higher, whereas at pH values above 6.5 OHis consumed more. For these glass compositions, where P-O-P bonds are not available for H + uptake in deionised water, there is a greater uptake of OHions in tris buffer and hence more dissolution. This is also indicated by the increase in pH of the solutions for these compositions. In addition, the degradation of small chains and cyclic rings decreases In solubility studies of zinc substituted sodium calcium metaphosphate glasses, Salih et al. 73 
Conclusions
In agreement with other studies, inclusion of zinc oxide in sodium calcium phosphate glasses is shown to aid glass formation. A strengthening of the glass network is observed with increasing cation:phosphate ratio, which is accompanied by an increase in density. However, calculations of percentage free volume indicate that this increase is due to increasing average atomic mass, with glasses becoming slightly less compact at higher cation:phosphate ratios.
Structural data are consistent with depolymerisation of these glasses with increasing cation:phosphate ratio, with greater numbers of non-bridging oxygen atoms in higher
x-value compositions. 31 P− 31 P DQ MAS-NMR has been used to reveal detail of the connectivity of Q n species in the studied glasses and reveals evidence for the network forming role of zinc oxide. This is confirmed by neutron diffraction and 67 Zn NMR analyses which show zinc to be in predominantly four-coordinate geometry. 
